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VOLUME 6 FOREWORD

FOREWORD

This volume consists of Appendices XX through XXIV, dealing with
certain facets of technology especially pertinent to the range instrumen-
tation problem, and Appendix XXV, which surveys and summarizes the

state of the long-haul communications art.

The numbering of the figures, tables, references, and equations is
consecutive for the appendices in this volume. For the convenience of
the reader, however, the pagination of each appendix reflects the appen-
dix designator; for example, Appendix XXI has its pages numbered 21-1,
21-2, 21-3, etc.

This volume and the other seven volumes making up this report have
a standard table of contents immediately following the abstract page.
Additionally a major-heading table of contents for each of the other vol-
umes is shown in reduced size immediately following the standard table
of contents. The list of abbreviations and symbols used in the report has

been inciuded in each volume.

The STL Document Control Number for Volume 6 is 8691-6099-RU000.
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VOLUME 6 ABSTRACT

. This abstract is UNCLASSIFIED
) RANGE INSTRUMENTATION PLANNING STUDY (U)

\// ABSTRACT

The emphasis in space technology over the past several years has shifted to very-long-
range missiles, orbiting vehicles, and deep-space probes. Thus support from the test
environment is now required on a truly global basis. For this reason, equipment com-
patibility and « menns of integrating the operations of the existing ranges have become
necessities. | * )

TRW Space Technology Laboratories (formerly Space Technology Laboratories, Inc.) was
awarded a contract by ESD to perforii-a study of the entire test environment problem
for these classes of missions and tests. The primary objective was the definition of what
the global test environment should be in the 1965 to 1970 period and the development
of an implementation plaa permitting the timely and efficient attainment of the
recommended configuration.

Emphasis was placed on providing the capability to support the requirements imposed
by the many programs involving missiles, large boosters, und spucecraft to be tested
in the 1965 to 1970 period. Efficiency was emphasized because it was known that the
costs. associated with provision of a cupability to support such a variety of missions
would be very large under the best of circumstances.

$TL:s conclusion is that an integrated global test environment is not only feasible but
highly desirable. The report presents specific recommendations for the choice of prime
instrumentation in this integrated global test environment, and develops operationa!
and management concepts sppropriate fo i, The rcport includes detailed recommenda-
tions, an implementation plan, and applied research and advanced development plans
necessary or desirable to assure the timely implementation of the range and to provide
o basis for a continving upgrading of its capabilities.

Volume 1 consists of an overall introduction, o %mary of the total report, and o
presentation of the basic system concept.

Volume 2 contains a detailed description ef ‘the recommended instrumentation network
and gives the implementation plan ard/cost estimates.

Volume 3 summarizes, hs,f,gllct_jjns'of time and location, the most stringent requirements
imposed on the netwgrk; evaluates the network’s capability of meeting the test require-
ments; and presents’recommendations for applied research and advanced development
programs requiréd to implement the network o to advance the state of the art in
5erﬁnemi instrumentation technology.

-~
lumes 4 through 8 contain supporting appendices for the findings, conclusions, and
\ chommendaﬁons presented in Volumes 1 through 3.
N ;’ .
\?\‘

¢

Publication of this technical documentary report does not constitute Air %
Force approval of the report's findings or conclasions. It is published s \
only for the exchange and stimulation of ideas. A

C. V. HORIIGAN

Acting Director .

Aerospace Instrumentation

Deputy for Engineering and Technology
Electronic Systems Division
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Appendix XX. LOW-NOISE RECEIVERS

A. INTRODUCTION

This appendix deals with low-noise system performance. A brief con-
sideration is given to the noise aspects of the entire surveillance, com-
munication, or telemetry system; system noise temperature is defined;
and the manner in which various noise contributions enter into determining

system sensitivity is presented.

The results of a state-of-the-art survey on low-noise antennas and a wide
variety of low-noise preamplifiers comprise the main portion of the
following discussion. This field has been a very active one during the past
several years. The types of low-noise preamplifiers now include masers,
parametric amplifiers (cooled and uncooled), traveling wave tubes, high
frzquency plana. triodes, tunnel diode amplifiers, and transistor am-
plifiers. A brief history and description of the principle of operation of
each of these devices are included, but the main emphasis is placed on
providing up-to-date information on the low-noise capabilities of these
devices, together with other capabilities of interest such as frequency
range, bandwidth, stability, and dynamic range. The factors which
cetermine the noisiness of the device are examined,and an attempt is
made to project the degree of noise reduction which will take place by

1970 in both devices and systems.

Finally, a comparison is made between the performance capabilities of
different types of low-noise preamplifiers, and a distinction is made as
to their suitability for application in either ground-based or missile and

space vehicle receivers.,
B. THE RECEIVING SYSTEM
1. ANTENNA AND SKY NOISE

With the development of extremely low-noise receivers the sensitivity
of 2 space communication or telemetry system has become limited to a
great extent by natural sources of noise in the environment rather than

by noise in the man-made devices. It has become customary to group
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these natural noise contributions and call them ‘antenna noise temperature.
The antenna noise temperature is made up of sky noise from the galaxy,

the sun, and the atmosphere, plus earth noise.

Galactic noise depends upon which direction relative to the galaxy the
antenna beam is pointing. The grecatest noise occurs when the beam is
pointed at the galaxy center; the next most unfavorable orientation occurs
when the beam is pointing anywhere in the galactic plane; the lowest
noise occurs when the antenna beam is pointed at the galactic poles.
Since the probability that the beam will point in the galactic piane is low,
it is reasonable to assame an average galactic noise contribution which

is only slightly greater than when the beam is pointing at the galactic poles.

The effect of atmospheric absorption is to somewhat attenuate galactic
noise whil contributing its own atmospheric noise to the effective sky
temperature. The effect of atmospheric absorption depends upon the
angle the antenna beam makes witn the zenith since the effective path
length through the atmosphere will thus change. A plut of effective sky
noise temperature for several antenna beam angies is shown in Figure 1.
A "low-noice window' is seen to exist between { and 10 gc. This window
is bounded on the low-frequency end by an increasing galactic noise con-
tributioa, and on the high-frequency end by absorption resonances for
water vapor and oxygen. Figure 1 is not ar exact representation of sky
noise, since it does not take into account solar noise, variations in water
vapor content of the atmosphere, or bad weather. Under unfavorable

conditions the sky temperature can greatly exceed the values of Figure i.

The ideal antenna noise temperature would be the sky noise tempera-
ture; for real antennas, however, there must be added a contributior from
ground noise radiation via the side lobes, back lot;e, and spillover of the
antenna. In an efiort to minitnize these effects a tapered illumination of
the parabolic reflector is employed. With the feed located at the parabolic
focal point, typical ground noise contributions are 15 to 20°K when the
antenna is pointing toward zenith. 1 Further improvement in reducing
ground noise can be achieved by 1) having a small focal length to
diameter ratio, s2y less than 1/4, for the conventional feed, 2) using

a Cassegrainsystem, 3) using a horn-reflector antenna, or 4) laying

20-2

D i U~ RO,




LOW-NOISE RECEIVERS

APPENDIX XX

ESD-TDR.63-354
VOLUME 6

T S D
e - ——

sanjeradws I 9sTON AMG °1 2anSi1g

(283 ADNINOIYL

00L0809 0¥ ©0Z 0189 ¥ z 189 ¥ T 1089 ¥ T 1070
‘ X _
B
NOILJ¥OsaV \ .
u_%zn_mo\,\_,\w.\/\v\l./\\
s \
—1Z 2 2011419 A A G063, 7
'SDIN0S /) l/// .
\\ A AT oom-VA/” 8
\ N A < ot
L~ /J
iomx% AL A >md_o#/7 // (310d) .
\ \ T aNNO¥DHIVE
| y TATT o8 g SIOVIVO
S y
| SNANY \ .
/ Y7 \ i
Ty AN \ s
=R
.%YN\. \ ¢ <
) ——

\V
Iv10l

0001

20-3

(M) INLY¥IIWIL ISION




p —mim o

ESD-TDR-63-354 APPENDIé XX

VOLUME 6 LOW-NOISE RECEIVERS

a very large screen with elevated edges in the vicinity of the antenna.
o
Ground noise contributions can be reduced to about 2 to 10 K by these

means.

Some of the best reported results have been achieved using a horn-
reflector antenna; however, this antenna is quite costly and has a large
bulk-to-aperture ratio. To achieve a more compact design, considera-
tion has been given to developing a ""hybrid type'" comprising features of
both the horn-reflector and the Cassegrain antenna.2 Another possible
development in the more distant future might be to place a large para-
bolic antenna into orbit (possibly a stationary one). This would virtually
eliminate ground and atmospheric noise, and an antenna noise temperature
of far less than 1°K could be attained at frequencies above about 5 gc where

the galactic noise is small.
2. SYSTEM NOISE CONSIDERATIONS

Once the system bandwidth and detection scheme have been chosen,
the system sensitivity is then a function of the system noise level, which

is expressed in terms of an equivalent thermal noise temperature.

Consider the simplified systern shown below:

TA TL o TRi, Gi o TRZ
Loss Preamp Post-Armp
Detector

The antenna equivalent noise temperature is TA‘ The receiver is
composed of a preamplifier with a gain (C—i) and noise temperature (TRi)
and a post-amplifier and detector with a noise temperature (TRZ)'
Connecting the antenna to the receiver in a practical system requires
some microwave circuitry such as diplexers, directional couplers,
filters, rotary joints, and lengths of waveguide. These components are
lossy and are lumped together as a loss (L. = 1) at a temperature (TL)

which may be a source of thermal noise.

20-4
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For cascaded systems the equivalent receiver noise temperature is

given by
TR+ o—— Try, Gy o Tr2
Preamp Post-Amp
T
- R2
DI Y

A low-noise receiver must have a low-noise preamp having enough
gain to make the post-amplifier noise contribution small. For preampli-
fiers having a constant gain-bandwidth relationship, it may be necessary

to cascade low-noise preamps to achieve adequate gain and bandwidth.

3. EFFECT OF LOSSY ELEMENTS

If the loss is reactive loss, there is no increase in noise power to
the system due to the loss. The signal and noise from the antenna are
assumed to be attenuated equally, thus preserving the S/N ratio through the
loss. However, the system S/N ratio is degraded by no more than the
magnitude of the reflected power loss in db. The degradation will be

slightly less for practical antenna and receiver noise temperatures.

The worst case is when the loss is entirely resistive. Not oenly is
the loss attenuating the input signal and noise, but it is also generating

thermal noise.
4, SYSTEM NOISE TEMPERATURE

The equivalent system noise temperature defines the equivalent
system noise power at a given point in the system. Given the signal
power at that point, the S/N ratio of the system is determined. The
equivalent system noise temperature must be clearly defined for a given
point in the system. The following diagram and equation give the system
noise temperature for point A and point B. The signal level then must be

known at A or at B to determine the S/N ratio.

20-5
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Receiver

Loss = L TR

TA = equivalent antenna noise temperature
TL = equivalent loss noise temperature
TR = equivalent receiver noise temperature
TSA = equivalent system noise temperature at Point "A" 1
TSB = equivalent system noise temperzaicure at Point "B" |
L = loss ratio (L=>1) ;‘
|
T |
_ TA L -1
Isp =T * (=) T + TR
4
TSAzTA+(L'1)TL+LTR
= LT

v amans.

A receiver noise temperature of 100° K is assumed, and the equiva-
lent system temperature is shown on Figure 2 as a function of loss for an
antenna noise temperature of 25° K. Figure 3 shows the S/N ratio

degradation in db normalized to a lossless system for losses from 0 to
1 db.

It is important to note that a 1-db loss causes a 2.55-db S/N ratio

degradacion for a 25° K antenna and 100° K receiver noise temperatures.

To fully realize a low-noise system, one must not only have 1rw
noise components but also use extreme care to minimize losses between

the antenna and receiver.
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C. LOW-NOISE DEVICES
1. MASER

The term MASER is an acronym standing for Microwave Amplification
by Stimulated Emission of Radiation. Since this amplifying device is a
fairly recent addition to the communication system's low-noise receiver
field, a brief description of its major operating principles and limitations

follows. 3,4

a. Theory

The Maser is often called a quantum mechanical amplifier as
its principle of operation is based upon quantum mechanics, wbich states
that the energies associated with the rotation, vibration, or orientation of
particles are quantized. These particles may only have discrete energy
levels and may change levels while obeying the rules of conservation of
energy and momentum. The Bohr frequency-energy relationship shows
that a change in energy level is directly proportional to the frequency of
the energy radiated or absorbed in the process. The following chart
shows roughly the difference in energy levels for various forms of

particle energy and the frequency range associated with this energy differ-

ence.
E2-E1l Frequency Form of Particle Energy
(electron volts) (mc)

4 x 10_7 100 Orientation of nuclear
magnetic moments in
several thousand gauss

4 x 107° 10, 000 Rotational and electronic
paramagnetic energies

4 Visible Electron motional

light energy

Figure 4 gives a graphical presentation of the number of particles

in each discrete energy state (Ei’ EZ’ E3 ...)of a maser material.

Thermal equilibrium requires that the population distribution follow a
Boltzmann's distribution curve shown as a dotted line. This line shows
that in thermal equilibrium the lower energy states are more populated
than higher energy states. The difference in energy states E3 -E,

and E, - E

3 { correspond to discrete frequencies. When a particle goes

20-9
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from a lower to a higher energy state, it absorbs this difference in energy
at that associated frequency. When a particle goes from a higher to a
lower energy state, energy is emitted at a frequency proportional to the
energy change. For purposes of illustration, we shall assume the energy
diagrams are for energy states in a crystal. When energy at a frequency
equal to (E3 -7 1)/h (h = Planck's constant) is coupled to the crystal,
particles in state E1 will absorb sufficient energy to move to the E3
state. When the population of states E1 and E3 are made equal by the
interaction with this energy, the probability that a particle will go from
E, to E, is the same as the probability a particle will go from E3 to E1
due to the interaction with the "pumping' field. The Ej state is said to
be saturated with that particular pump frequency and energy levels. It

is possible, therefore, to change the relative population of these energy
states by the application of appropriate external energy sources. When

the pump is turned off, the crystal returns to thermal equilibrium.

When an interaction field is present, the energy levels involved
will tend to equalize their population. Therefore, if a "pump'' creates
an excess population in state E3 over the population in state EZ by )
raising particles to E3 from Ei’ then the number of particles in E3 is
greater than those in EZ' If a signal frequency (E3 - EZ)/h interacts
with the crystal, it will tend to equalize the E3 - EZ population. Since
there was an excess in E3 over EZ’ particles will lose energy ard
radiate it at the signal frequency. This is stimulated emission of
radiation. The amount of radiation emitted is a function of the inter-
action field (signal frequency) and the excess particles in state E3 over

particles in state EZ'

For this model, it may be noted that the greater the E3 - E1
separation, the higher the pump frequency. The lower the signal fre-
quency (E3 - E.2 is small), the larger the excess population in E3 over

E2 and the more gain and power output. For amplification, there must

be a structure to allow the pump and signal frequencies to interact with

the crystal, and the energy levels chosen must allow an excess of upper
energy particles for interaction with the signal. The time 2 particle

will stay in an excited state is called the relaxation time. This determines

how much pump power it takes to keep the crystal "saturated.'

20-11
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Diagrams 4(II) and 4(IiI) illustrate possible techniques to pump
the particles to a higher energy state. The diagram 4(II) uses the pump

power to move particles from state E_ to E2 and also from E2 to E4.

1
This is known as push-push pumping.
Figure 4(III) gives another scheme to obtain excess high-energy
particles in the signal frequency bands by pumping particles from E1
to E3 and at the same time pulling particles from E2 to E4. This creates
a larger excess population in E, over EZ for signal amplifici.tion. This

is commoniy called push-pull pumping.

Our example was of a 3 and 4 energy level system. These
systems may conveniently be operated for CW amplification. A beam
maser is a 2-level maser. To achieve CW amplification with a 2-level
maser, the particles must be excited at one location and then brought

into the signal interaction structure for amplification.

The signal frequency induces coherent emission, but there is
also emission at the signal frequency which is not coherent with the
signal and appears as noise. The incoherent emission is a function of

the life of the excited particles (relaxation time).

Microwave frequencies are not the only pump sources. Masers
have been pumped optically by laser sources. By using push-push and
push-pull or multiple frequency pumping, the pump frequency dees not
have to be greater than the signal frequency, which makes high signal
frequency masers practical with microwave pump sources to several

hundred gc.
b. Types

The most common types of maser amplifiers for low-noise
operation are the beam maser, the sclid-state cavity rnaser, and the
traveling wave maser. The last two types are the most widely used as

low-noise receiver preamplifiers.
1. Beam Maser

The most common beam maser is the ammonia beam

maser, The ammonia beam maser consists of an ammonia source and

5

the associated vacuum pump to keep the vapor pressure below 10 “mm Hg,

20-12
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Diagrams 4(II) and 4(Iil; illustrate possible techniques to pump
the particles to a higher energy state. The diagram 4(II) uses the pump
power to move particles from state E1 to E2 and also from E2 to E4.
This is known as push-push pumping.

Figure 4(IIl) gives another scheme to obtain excess high-energy
particles in the signal frequency bands by pumping particles from E1
to E3 and at the same time pulling particles from E2 to E4. This creates
a larger excess population in E3 over EZ for signal amplification. This

is commonly called push-pull pumping.

Our example was of a 3 and 4 energy level system. These
systems may conveniently be operated for CW amplification. A beam
maser is a 2-level maser. To achieve CW amplification with a 2-level
maser, the particles must be excited at one location and then brought

into the signal interaction structure for amplification.

The signal frequency induces coherent emission, but there is
also emission at the signal frequency which is not coherent with the
signal and appears as noise. The incoherent emission is a function of

the life of the excited particles (relaxation time).

Microwave frequencies are not the only pump sources. Masers
have been pumped optically by laser sources. By using push-push and
push-pull or multiple frequency pumping, the pump {requency dpes not
have to be greater than the signal frequency, which makes high signal
frequency masers practical with microwave pump sources to several

hundred gc.

b. Types

The most common types of maser amplifiers for low-noise
operation are the beam maser, the solid-state cavity maser, and the
traveling wave maser, The last two types are the most widely used as

low-noise receiver preamplifiers,

i. Beam Maser

The most common beam maser is the ammonia beam

maser. The ammonia beam maser consists of an ammonia source and

5

the associated vacuum pump to keep the vapor pressure below 10 “rnm Hg,
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a focuser for separating the upper-state molecules from the lower-state
molecules, and a cavity resonator for interaction of the electromagnetic
field with the upper-state molecules. The ammonia beam is passed
through the focuser, and the emerging beam contains only molecules in

the upper state.

The beam of upper-state molecules emerging from the
focuser is injected into a cavity. Through the Q of the cavity and the
power level, the lifetime of the upper-state molecules is adjusted to be
equal to the time of passage of the molecules through the cavity. This
interaction time is in the order ¢f miiliseconds. If the cavity is tuned
to the transition frequency of the molecules, an applied signal field
of the proper frequency will induce the molecules to downward transitions,
and the energy radiated by the molecules when making the downward trans-

ition will amplify the signal.

The design of the ammonia beam maser is not critical.
An array of very fine tubes is used as the ammonia source. Because
of the large volume of gas released through the beam, a vacuum pump
is not sufficient. The vapor pressure must be reduced through cooling
the focuser down to liquid-nitrogen temperature to solidify the defocused

portion of the beam.

Amplification could also be achieved in a nonresonant
waveguide structure, but the length of the waveguide required for
appreciable gain would be excessive. Because of the resonant properties
of a cavity the effective interaction length can be large though the cavity
is rather small. But the inhevent positive feedback of a cavity which
enables this decrease in the dimensions of the interaction structure
also severely decreases the bandwidth for amplification to only a
fraction of the molecular linewidth of ammonia. These extremely
narrow bandwidths (less than 1 kc) are a great disadvantage for ap-
plication of the ammonia maser as an amplifier, but they are desirable

for use of the maser as a frequency standard or spectrometer,.

2. Cavity Maser

The cavity maser 1s a solid-state amplifier employing
either a reflection or transmission type cavity containing the maser

material. The design of the solid-state maser is quite critical.

20-13
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The signal and pump frequency must both interact properly with the
maser material in the same cavity. Also the applied magnetic field
should be homogenous throughout the material to avoid a linewidth
broadening at the expense of gain. Tunability is achieved by varying

the magnetic field.

For high efficiency, the ratio cf energy in the active
material to the energy in the cavity (or the '"filling factor') should be

close to unity.

It is difficult to satisfy all these requirements simultan-
eously. With a reflection type cavity, a circulator is needed to separate
input from output, while a transmission type cavity will require an
isolator in the output line to prevent noise or reflections from the output
to enter the cavity and be amplified. Cavity masers, regardless of type,
are inherently bilateral devices so that unilateral amplification charac-

teristics must be achieved through the addition of an external unilateral

device,

Though the bandwidths achieved with solid-state cavity
masers are much higher than those of gas masers, the larger bandwidth
of solids cannot be fully utilized with cavities because the internal feed-
back in cavities which is responsible for the high gain also severely
reduces the amplification bandwidth to only a small fraction of the in-

ternal linewidth of the active material.

3. Traveling Wave Maser

The traveling wave maser is superior to the cavity maser
in that it has a greater gain stability, a larger gain-bandwidth product,

and a wider frequency tunability range.

A traveling wave maser consists of a slow wave structure,
active material, nonreciprocal elements, magnets, and a pump source.
A traveling wave maser is a two-port device and requires no circulator
to separate the output from input port. A typical traveling wave maser
will consist of a combtype, slow wave structure loaded with a chromium-
doped, ruby crystal. As the signaltravels along the slow-wave structure,
it experiences an exponential growth. Since this growth is bilateral,

nonreciprocal elements must be incorporated to pass the forward

20-14
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traveling wave and attenuate all reflected waves. Care also must be
taken in matching to reduce regenerative effects. The nonreciprocal

elements may be ferrite spheres imbedded along the slow wave structure.

The longer the interaction region, the more gain the maser
has. Due to the broad bandwidths achievable with slow wave structures,
the instantaneous bandwidth and tunability range of the traveling wave

maser is determined by the maser materials.

¢. Properties of Masers

i. Noise

Maser amplifiers are inherently low-noise devices because
the major noise sources are thermal emission arising from circuitry

and material losses, and spontaneous incoherent emission from particles

in an excited state.

To reduce the thermal noise contribution, good circuitry

design and cooling of the thermal noise sources are required.

The spontaneous emission noise is a function of the number
of particles in the lower energy state. Only the excess particle population
in the upper state over the lower state contributes to the gain or coherent
emission, but all particles in the upper state may contribute to the
spontaneous emission noise. The greater the ratios of excited-state
population to the lower-statepopulation, the lower the effective noise
temperature. The minimum maser noise temperature, assuming all
thermal losses are made insignificant, is

T, . 4.8 x 107° 1
e(min)

{ = frequency of signal in mc

Figure 16 shows the state of the art in equivalent noise temperature for
maser amplifiers. Tables I and II give some typical maser character-
istics and the theoretical minimum maser noise temperature as reporred
in the literature. Since most masers are cooled to liquid helium
temperatures, the input line losses contribute significant thermal

noise. By proper design, this loss may be made less than 0.1 db

('7o K). A typical system noise contribution breakdown is shown in

Figure 5.
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Table II. Typical Maser Characteristics and Chart
of Theoretical Minimum Maser Noise
Temperatures
CAVITY MASERS
Band- Noise
Manufacturer Freq. Gain  width Temp
(ge) (db)  (mc)  (°K)
Hughes 9 20 10.5 25 Operates 1 to
100°K
3 30 0.05 2
MIT 9.300 10.6 70
JPL 0.960 20 0.6 39

University of
, Michigan

AlIL

TRAVELING WAVE MASERS

9.65 130
35 14 10
2.24 30 140 10

THEORETICAL MINIMUM MASER NOISE

5

T . = 4,8x 10 °f
e(min)
f = frequency of signal in mc
£ (gc) Te (min) (°K)
1 0.048
10 0.48
20.8 1.0
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2. Frequency Range

The maser can operate as a low noise amplifier in the
frequency range from 100 mc up. Since its power output at the low
frequency end of the spectrum is very low, it is a practical amplifier

in the 2-gc region and above.

The upper region of usefulness extends to the light region
and covers many technologies. Microwave techniques will be practical
to several hundred gc in maser design. Higher power pump sources
in this frequency range will be required to overcome the additional
losses encountered in the circuits which will be many wavelengths long

due to practical construction techniques.

The traveling wave maser is the most tunable of all the
masers and has the broadest bandwidth. Tuning is achieved in a
solid-statemaser by varying the transition levels in the crystal with

a magnetic field (the Zeeman effect).

3. Gain and Bandwidth

The gain of a maser is a function of the excess population
in the upper state and the length of interaction with the maser crystal.

The gain of a maser can be well over 20 db, sufficient to mask second -

stage noise,

The bandwidth of a maser is determined by the internal
line width of the maser material or crystal and by the interaction
circuitry. Gas masers have very narrow internal linewidths and
therefore very narrow bandwidths, on the order of kilocycles per
second. The major use of a gas maser is in low-noise systems other

than communication receivers.

The cavity maser is limited in bandwidth by the microwave

circuitry to a fraction of the internal linewidth of the material.

The traveling wave maser bandwidths are now approaching
the material limitations. In the 4-gc region, it is now possible to
achieve 100-mc bandwidth. In the near future, it will be possible to
obtain 200-mc bandwidth at all usable maser frequencies and with some

material development, eventually 400- to 500-mc bandwidth in the 4- to

20-19
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10-gc region will be possible. For a solid-state maser, the voltage

gain times the percentage bandwidth is nearly constant.

Future work on materials and broadband coupling circuits

will yield larger gain-bandwidth products.

4. Stability

Gain - The gain of cavity masers is very critical
and depends strongly on pump power and coupling into the cavity of the
signal and pump powers. The traveling wave maser is much more
stable and the gain between several amplifiers may be matched con-
veniently., The JPL S-band maser system gain stability versus time

was reported as 6

Time Gain Stability (db)
10 seconds +0.015
10 minutes +0. 06
18 hours +0. 10

Phase - The phase stability of a maser is closely
linked to both the gain stability and the bandwidth of the amplifiers. The
traveling wave maser is again the most stable with a typical number of
+ 1°.

The gain and phase stability is sufficient for most appli-

cations at present and with some development work could be further

improved for future application.

5. Power Output

For maser action to take place, the interacting particles
must be sufficiently decoupled from each other to exhibit discrete energy
levels. When particles are coupled more strongly, the discrete energy
levels broaden out into an energy band structure. The power output is
a function of the number of interacting particles. The weak coupling
between required particles limits the output power achievable. Also,
the output power is a function of pump and signal frequencies as they
relate to the excess population achievable in a given maser material.

A gas maser utilizing molecular vibrations as energy states has much

more power available per interacting particle than a solid-state maser

20-20




D-TDR.63.354 APPENDIX XX
sgLJMEGG LOW-NOISE RECEIVERS

utilizing spin states. However, at X-band, 40 db more power out
is obtained with a solid maser compared to a gas maser because the
number of interacting particles in a crystal lattice is far greater than

the interacting molecules in the gas.

For linear operation, the maser action can use only a
small fraction of the excess population to result in coherent emission.
Output powers in the order of one microwatt are now achievable. With
more work on maser materials, it should be possible to raise this
power, but the maser will always be a low-power device. The total

power available from the energy transitions used is small. For low- 4

noise communication systems, the power output is not a serious
problem, as the maser has sufficient gain to determine the signal to

noise in the system, and other types of amplifiers can amplify the

received signal to higher output power levels.

6. Cooling Techniques and Associated Equipment

Cooling is required for a maser for several reasons. The
pump power to saturate the crystal is a function of the time an excited
particle will stay in the excited state (relaxation time). By cooling, )
the required pump power is lowered. The gain of the maser is determined
by the excess of higher energy particles over the lower energy. It is thus

possible to achieve higher gain by cooling.

Cooling a maser sharpens the energy distribution curve
and permits maser action to be observed above the thermally induced
transitions. Since the major noise source at present is thermal, the
noise contribution from the material and circuitry losses is minimized,

resulting in a very low-noise amplifier.

The majority of masers are cooled by liquid helium to
several degrees Kelvin. Masers have been built to operate at about
100° K and eventually may operate at room temperature with no cooling.
However, for very-low-noise operation in the next seven years, it
appears that the cooled systems will be used. It is possible to cool a
maser with liquid neon (27° K)and achieve an 8 to 10° K amplifier

6

noise temperature and a system temperature of 15 to 20° K at S-band.
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Present cooling techniques to achieve low temperatures
are more advanced than the present hardware to support these techniques.
The main problem with closed-cycle,liquid-helium refrigerators seems
to be in the short life of the gas compressors. 7 Present life of a
compressor to operate the coolers is 250 to 1000 hours. Then new rings
must be installed with the possibility of contaminants entering the rest
of the system and requiring 2 complete system purge. Tne current
activity in developing new coolers will undoubtedly result in a compact,
reliable, long-life cooling system suitable for cooling masers on

antennas in remote areas.

d. Summary of 1970 Projection

Bandwidth - Will be limited by maser material ~~ 500-mc

bandwidth at 8 gc.

Noise - Noise temperature reduced by better circuit

design and improved lower loss materials.

Power Out - Limited by maser material. Possibly 10

to 100 microwatts.

Cooling - Efficient, reliable, compact, closed-cycle

refrigeration units,

2. LOW-NOISE TRANSISTORS

In the past several years, tremendous progress has been made in
high-frequency low-noise operation of transistors. Transistors are
well known and only brief remarks will be made concerning the noise

mechanisms and circuit aspects of low-noise transistor amplifiers.

a. Noise

The noise sources in semiconductors are fairly well understood.
The two main sources of noise in high~frecuency operation are thermal
noise and shot noise. Thermal noise is developed in the bulk resistivity
of the material. In practice this is mainly the base spreading resistance.
The shot noise is caused by the random motion of charged carriers. It
is a function of the dc current and the bandwidth. The collector and
emitter shot noise generators are partially correlated by the ¢ of the

transistor.

20-22
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At lower frequencies 1/{ noise (flicker or scintillation noise)

and generation-recombination noise become important.

The 1/f noise

causes the 3 db per octave rise in the noise power per unit bandwidth,

as the frequency goes lower.

The generation-recombination noise is

negligible for good transistors.

In general for low-noise operation, the base spreading re-

sistance (rg) and the collector current (Ico) should be as low as possible

and the common emitter current gain (hFE) and the alpha cutoff frequency

(fy) should be as high as possible.

Figure 6 (top) shows a typical noise figure versus frequency

curve,

The 3 db per octave rise on the low frequency end is due to

the 1/f noise and the 6 db per octave rise on the high frequency end is

due wmainly to the loss of gain of the transistor.

The corner frequency,

the frequency where the increase in noise power equals the mid-frequency

noise power, at the high frequency end is generally approximated by

. s .3
a better approximation 1s

fen

where k

fo

{a \’1 - kao
2T
e

———
Rg+rb

1 -

emitter resistance
generator source resistance
base spreading rcsistance

forward current transfer
ratio (common base)

alpha .cutoff frequency.

The lower corner frequency is hard to specify analytically.

Figure 6 (bottom) shows that the higher frequency transistors may have

higher 1/f corner frequencies and higher plateau noise power levels

than good low-frequency transistors. It is possible for the 1/f noise
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corner frequency to be in the order of several mc but more generally

is in the {-kc region.

Excessive 1/f noise is an indication of defects in transistcr

fabrication. The possibility of the high {/f noise power at low frequencies

cross modulating into a higher frequency band is still a controversial

subject but remains a possible source of high-frequency noise.

b. _I\_/faterials

i. Silicon

Silicon transistors have shown a great improvement in
noise performance the last several years. Silicon has inherently a
high operating temperature range and power handling ability. This
reduces the temperature control neeaded in extreme environments over
systems employing germanium transistors. Photo-etch techniques
can be employed in fabricating silicon units which can increase their
useful maximum frequency to 10 gc, their seeming practical upper
frequency limit. Silicon units currently are not as low noise as
germanium units but in general have a larger usable low-noise band-
width up to the 50-mc region. In the next several years great improve-
ments can be expected in silicon transistor noise and frequency per-

formance.

2. Germanium

The germanium transistors are the lowest noise (above
1 mc) and highest frequency transistors. They are harder to photo-etch
than silicon. Tremendous improvements over the present perforuo “nce
are not expected for germanium transistors as they are quite close to

their theoretical periormance.

2. New Materials

Gallium arsenide transistors have been built with a ft in
the 500- to 600-mc region. Material contamination is still a large
problem with gallium arsenide. Concentrated effort on material contyol
and fabrication techniques could produce an order of magnitude im-

provement in frequency performance of gallium arsenide transistors.
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c. Tabulated PerformanCes’ 9,10, 11

Figure 7 shows the noise performance of present transistors.

Off-the-shelf transistor cost versus performance is shown below:

Noise Figure (db) vs Cost

Frequency(mc) Several Dollars $50. 00 £300. 00
450 4.0 2,5
1C00 9.0 .
3000 8

3. PARAMETRIC AMPLIFIERS

Parametric amplification is the term applied to a nonlinear or
time-varying energy storage and transfer process in which energy is
transferred from a source or "pump' to the signal to be amplified
through a nonlinear or time-varying element. Although the basic
principle of operation has been known since early in the 19th century,iz’ 3
it was not until 1957 that the first microwave parametric amplifier was
proposed14 and demonstrated. 15 This first microwave parametric
amplifier used ferrite material as the nonlinear element. Subsequently
low-noise parametric operation was attained with semiconductor PN

junctions, and with electron beams as the nonlinear energy storage

element; then the parametric amplifier field became a very active one.

Some of the main qualitative features of the parametric amplifier
are an outcome of the Manley-Rowe relationships between power and
frequency in a nonli;14ar element. 16 Usually the frequencies of interest
are: 1) ‘:.e input signal frequency, 2) the pump frequency (which is
usually greater than twice the signal frequency), and 3) the sum cr differ-
ence frequencies, or both, of the signal and pump. If power is allowed to
flow at the difference frequencv (the idler), an effective negative re-
sistance is generated with the possibility of unlimited gain and os-
cillation. If the output is taken at the input frequency we have the
usual negative-resistance reflection type of amplifier. If the output
is taken at the idler frequency the device is termed a lower-sideband
upconverter. If power is allowed to flow at the sum frequency (and

not allowed to flow at the idler), there is no negative resistance and
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gain is limited to the ratio of the sum frequency to the input frequency
when the output is taken at the sum frequency; a device operating in this
manner is termed an upper-sideband upconverter. The features of these

various types of parametric amplitiers are tabulated in Table III.

Another important distinction in types of parametric amplifiers is
whether they operate in the degenerate or nondegenerate mode. In the
degenerate mode the pump frequency is exactly twice the signal fre-
quency and the amount of gain is dependent on the phasing between the
pump and signal. In the nondegenerate mode the pump frequency is
different from twice the signal frequency and gain is independent cf

phasing between signal and pump.

a. Diode Parametric Amplifiers

The most widely used type of parametric amplifier uses a
highly doped PN junction or varactor diode as the nonlinear element.
Since the varactor diode operates with virtualiy no dc currents flowing,
shot noise is eliminated and the main noise source is thermal noise
from the spreading resistance of the junction. A figure of merit of the
varactor dicde called the cutoff frequency is defined in terms of the
spreading resistance and the junction capacitance:

£ = L
cutoff ~ ZwrSC

The noise performance depends on the quality of the varactor dicde, the
degree of coupling between the input signal and the diode, and the ratio

of idler to signal irequencies. An expression for the single channel

<\ 2
<Q>+1
T

noise temperature is

Thoise = Taiode 52 (2)
- - 1
f.
r = -= = ratio of idler to signal
where fs
_ C f
Q = c Cl;tOff = dynamic Q
s
Ci

fractional pumped capacitance
variation
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A plot of this equation is shown in Figure 8. Equation (2) implies thac
noise performance is improved by having a high cutoff frequency diode
with large pumped capacitance variation, by cheosing an optimum idler

~

to signal frequency ratio (r = Q- 1), and by cooling the diode.

The present state of the art in low-noise performance of room
tempe rature paramps indicates attained noise temperatures ranging
from 60° K at L-band to 270° K at X-band. 17 These noise temperatures
refer to the device alone and do not include contributions from cir-
culators or feed lines. This present-day performance is plotted in
Figure 9 where it is superimposed on optimum curves computed from
Equation (2). The data appear to be shifted about 50° K above a com-

puted curve corresponding to a diode having fc = 150 gc.

By reducing the temperature of the varactor diode, itis possible
to improve the noise performance of the parametric amplifier. With
thermoelectric cooling, the diode temperature has been lowered to about
200° K and the resulting double-channel noise temperature was about
100° K as compared with a noise temperature of 170° K for the same

amplifier operated at room temperature. 18

A great reduction in noise temperature is achieved by cooling
the varactor to liquid nitrogen temperature or even to liquid neon or
helium temperatures. The best result at liquid nitrogen temperature

has been the 20° K noise temperature reported by BTL.19

Quite recently,
parametric amplifiers have been operated successfully at liquid helium
temperatures. A noise temperature of 10°K at L-band was obtained at
Lincoln Labs, 20 and a 2° K noise temperature at C-band was achieved
at BTL, 21 It appears that when operated at the same temperature,
masers and paramps have equivalent noise performance. Data on
cooled paramps together with computed noise performance for cooled
paramps are shown in Figure 10. Liquid-nitrogen-cooled parametric
amplifiers have evolved from the laboratory stage and are now opera-
tional. A standby amplifier in the BTL Telstar communication link, and
the Relay communication link liquid-nitrogen-cooled paramp are among

several units presently in the field.

Ancther important means of improving the noise performance ‘

of the parametric am "'fier is to develop varactor diodes with higher W
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Figure 8, Noise Temperature of Nondegenerate Reflector Type Diode
Parametric Amplifier
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cutoff frequencies. The best present readily available varactors have
cutoff frequencies at about 200 gc at reverse breakdown voltage. A
few diodes have demonstrated cutoff frequencies beyond 500 gc.

A high cutoff frequency becomes especially important whr.n the signal
frequency is high, i.e., X-band or higher. This shows up in the
computed noise temperature curves with diode cutoff froquency as a
parameter which are plotted in Figures 9 and 10. The semiconductor
materials in use or under investigation as varactor elements are:
germanium, silicon, gallium arsenide, and indium antimonide. The
estimated ultimate achievable cutoff frequency for a silicon varactor
diode is 600 gc, for gallium arsenide 1000 gc, and for indium anti-

monide 2000 ge. 23

Besides the main performance capability of low-noise operation,
other capabilities such as frequency range, bandwidth, tunability,

stability, and dynamic range are of interest.

It has been shown that the upper frequency limit is determined
mainly by diode cutoff frequency; when the signal frequency becomes
greater than about one-fifth the cutoff frequency, noise performance
becomes severely degraded. Also as the signal frequency becomes
high, the packaging techniques become very significant. The tendency
has been to build the PN junction right into the microwave waveguide
when dealing with signal frequencies at K-band and beyond. Thus
far, 30 and 35.5 gc have been the highest frequencies at which
parametric amplifiers have been operated. These were degenerate

amplifiers. 24,25

There is no lower frequency limit for parametric
amplifiers and an upconverter to amplify signals in a band of 2 to 50cps
having a 0. 16-db noise figure has been developed. 26 Below 500 mc,
however, a simpler device such as a transistor usually gives adequate

noise performance.

In a parametric amplifier having single tuned circuits, the
fractional bandwidth is a function of the signal circuit Q, the idler
circuit Q, and the ga.in:27

i 1
~ : (3)
Gj'/Z Qsignal * Qid.ler

BWwW
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In the negative resistance reflection paramp, the idler circuit usually
has a much higher Q and is the main limitation on bandwidth. The use

of multiresonant filter circuit techniques can increase the single tuned
bandwidth by a factor of three or more. A very thorough filter analysis
nas indicated that functional bandwidths of single diode paramps of up to
30 percent are attainable at reasonable gain. 28 The traveling wave para-
metric amplifier employing several varactor diodes to form a ladder net-
work is theoretically capable of even greater bandwidths; however, the
complexity of this device and the variability of the varactor diodes

have prevented it from coming into widespread use. Some of the best
bandwidths obtained for nondegenerate amplifiers using a single diode
have been 450 mc at S-band with 13-db gain, 29 900 mc at C-band at

about 13-db gain;30 and 900 mc at X-band with 10-db gain. 29

There have been a great demand and an interest lately in having
relatively narrowband paramps easily and rapidly tunable over a wide
frequency range. Since the signal circuit can be made quite broadband,
it usually is fixed-tuned. The idler circuit which then determines the
amplifying frequency can be mechanically or electronically tuned, or
alternatively the idler circuit can be fixed tuned and the pump frequency
varied to tune the amplifying frequency. Methods ot electronically
tuning the idler circuit are: changing the bias on the varaciur diode
providing amplification, having a separate varactor diode as pert of the
idler circuit and varying the bias on it, or having a ferrite or YIG as
part of the idler circuit and changing the magnetic field applied to this
element. A method of rapid, wide-range electronic tuning by means of
changing pump frequency is to employ a BWO rather than the more usual
klystron as a pump source. Some examples of achieved tunability
performance follow. An npper sideband upconverter achieved tunable
gain over the range 100 to 1800 mc by changing the pump frequency
over the range 8500 to 6800 mc (the output frequency was constant at
6800 mc). However, the noise performance was not good over this
entire range. 31 A lower sideband upconverter exhibited 10- to 13-db
tunable gain over the range 800 to 1150 mc. Tuning was achieved by
varying the pump frequency. The output frequency was constant at
4037 mc. 32 A wide tuning range of 2100 to 3100 mc was obtained by

changing the pump frequency and mechanically tuning the pump circuit. 33
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A negative resistance reflection type paramp programmed to cover

20 irequency channels over a l-gc range at X-band has been developed.
Tuning was obtained by using a K-band BWO pump source with programmed
A¥C and power control. 34 A l-gc electronic tuning range at X-band was
also demonstrated at a constant pump frequency with a YIG sphere in the
idler circuit as a tuning element. 35 A similar approach is being pursued

for S-band paramps.

Diode parametric amplifiers, especially those operating in the
negative resistance mode, are intrinsically sensitive and unless care
is taken do not exhibit high stability for either gain or phase. The main
factors tending to vary the gain and phase characteristics arc changes
in pump power and frequency due to drift or ripple, and changes in diode
temperature. The magnitude of these effects has been estimated. 36
By controlling the diode temperature and by employing closed-loop
control on the pump, adequate stability can be attained for most applica-
tions. When high gain is required, stability can also be enhanced by
employing two cascaded parametric amplifiers, each one having moderate
gain. A degenerate paramp in a radio astron ;-ny application employing
a phase-locked pump and a closed-loop power control attained a stability
of better than 1 percent over a period of several hours. 37 In a novel method
of achieving stability, the varactor-diode rectified current (which has to be
kept well below | microamp for low noise operation) is sensed and a cor-
recting voltage is applied to the pump. A stability of 0.1 percent at 25-db

gain over a period of 1/2 hour has been achieved by this method. 38

For applications which require a linear input-output relation,
the dynamic range of the diode parametric amplifier extends from a low-
signal power limit iniposed by its noise per{urmance to the high-power
limit which occurs where the small signal approximations cease to
hold. This point is dependent on the diode characteristics and on the
magnitude of pump power; it usually occurs at signal powers between
-35 and -20 dbm. 21 The diode parametric amplifier begins to saturate

at greater signal power levels than the maser or the tunnel diode amplifier.

Now that helium-cooled laboratory parametric amplifiers have

demonstrated noise temperatures of a few degrees Kelvin, comparable
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to the maser, it is to be expected that a large effort will be made to ‘
develop operational units covering the 1- to 10-gc range. Closed-cycle

helium refrigerators similar to those used for masers will be further

developed, especially with regard to improving the life of the contamina-

tion-free compressor. Where very good, but not the ultimate, low-noise
performance is required, the nitrogen-cooled paramp will play an important

role. Also, cooling systems using other inert gases such as neon which

boils at 27°K will probably te developed.

To improve the noise performance at X-band and beyond, it is
anticipated that a great deal of effort will be made to provide sizeable

quantities of diodes with high cutoff frequencies, at say up to 1000 gc

for gallium arsenide diodes or even 2000 gc for indium antimonide
diodes. The curves in Figures 9 and 10 give anticipated noise per-
formance for both cooled and uncooled diodes with cutoff frequencies

up to 800 gc.

It is expected that emphasis will be placed on further develop-
ment of amplifiers having the pump frequency lower than the signal )

frequency. This pumping method appears especially attractive for

signal frequencies above X-band.

Another area of anticipated development is in the eliminatioa of
the ferrite circulator. By pumping two varactor diodes in phase quad-
rature and having the diodes spaced a quarter-wave length at the idier

frequency, it is possible to achieve nonreciprocal amplification.

To make the parametric amplifier more attractive for airborne
or satellite application, it will be necessary to increase the lifetime and
reduce the size, weight, and power requirements of the pump source.
Solid-state microwave sources have progressed very rapidly recently
and their widespread application as parametric amplifier pump

sources may be expected.

b. The Klectron-beam Parametric Amplifier

An electron beam can support both longitudinal oscillating
waves, called space charge waves, and transverse oscillating waves,

called cyclotron waves. Each of these waves can in turn be classified

20-37




ESD-TDR-63.354 APPENDIX XX
VOLUME 6 LOW-NOISE RECEIVERS

into slow waves or fast waves, depending on whether their propagation
velocity is less or greater than the beam velocity. The excitation of
slow waves lowers the beam energy and the excitation of fast waves
raises the beam energy. A consequence of this is that beam energy
can be used as the energy source for amplification of a signal on an
electromagnetic propagating struclure properly coupled to the slow
wave, a5 is done in the ordinary traveling wave amplifier., On the
other nand, extended coupling between a propagating structure and

the fast beam wave will exhibit a periodic exchange of energy rather
than an amplification process. This effect has a very useful application
in that it provides a means of removing noise from the fast beam wave
by transfer to the propagating structure. It is possible to obtain para-
metric amplification of fast and slow waves of both the space charge
and cyclotron types. However, the convcnient method just mentioned
of reducing beam noise is available only for the fast wave, and in
practice successful opera*ion has been attained only by using the fast

39

cyclotron wave. A diagram of the Alder beam type parametric
amplifier is shown in Figure 11, The input and output Cuccia couplers
acc as though they were circulators. The input coupler carries out fast
beam noise and couples the input signal to the fast cyclotron wave. A
pump signal is applied to a quadrupole structure and as the cyclotron
wave passes through the quadrupole structure it is amplified parametri-
cally. The output coupler couples the amplified signal out at the beam
and to the receiver. It also aids in establishing stable unidirectional
behavior by coupling any receiver noise or reflections to the electron

beam which is then carried to the collector.

The main sources of noise in the electron beam parametric
amplifier (EBPA) are losses in the couplers and a residue of noise
remaining in the beam. The best reported data on the noise performance
of the EBPA follows. EBPA's operated at 425 mc and at 780 mc had a
double channel noise temperature of 80° K of which 45° K was due to
coupler loss, and 35° K due to beam noise.40 A 1300 mc EBPA had
a double channel noise temperature of 35° K. 41 An EBPA operated
at 4137 mc exhibited a double channel noise temperature of 58° K of
which 33° K was due to coupler loss and 25° K due to beam noise.

The noise temperature for this latter device peaked rather sharply '
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with frequency; the bandwidth for a noise temperature of less than 80° K
was about 5 mc. Tie noise performance of the EBPA is summarized in

Figure 12.

While the EBPA has applications where single channel noise
performance applies, it is especially attractive in areas such as radio
astronomy, or in a phase-locked synchronous pumping system, where
the double channel noise performance applies. This is so because until
recently the EBPA was a degencrate or near degenerate device. Early
in 1963 a nondegenerate EBPA was developed witn the signal frequency
and the cyclotron frequency at 400 mc, the pump frequency at 2000 mc,
43 Undoubtedly

there will be an improvement in noise temperature. For example, one

and the single channel noise temperature at 170° K.

direct improvement could be obtained by cooling the idler termination.

The EBPA has many desirable features. Its bandwidth is
independent of gain and is quite large, being limited mainly by the
bandwidth of the couplers. The gain response can be made almost flat
over a {0-percent fractional bandwidth. However, the noise bandwidth is
somewhat smaller. If desired the tube can be designed to have a narrower,
say 20- to 30-mc bandwidth which can be electronically tuned over a
10-percent frequency range. Tuning is accomplished by varying both the
pump frequency and the applied magnetic field. In comparison with the
diode parametric amplifier, the EBPA has greater phase and gain stability.
Computed gain variations with changes in pump power indicate that the

EBPA is more s.able by a factor of about 6 at 20-db gain, 44

The main factors affecting the phase stability of the EBPA are
variations in the magnet current and the quadrupole voltage. The
sensitivity to magnet current is about 4° per milliamp and the sensitivity
45

The

dynamic range for linear amplification of the EBPA is about the same

to quadrupole voltage changes is about 0. 06° per millivolt.

as for the diode paramp, i.e., it begins to saturate at input signal levels
of about -20 to -35 dbm. Further work to develop the nondegenerate
EBPA will probably continue at a fast pace. There is some feeling

that the noise performance of the nondegenerate tube can be improved

by raising the cyclotron frequency to half the pump frequency. 41 Extension
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of the operating frequency for the degenerate EBPA to X-band or beyond
will probably occur. The use of super-cenducting magnets to provide
the large magnetic fields over extended areas at these frequencies is

anticipated. 41

4, LOW-NOISE TUNNEL DIODE DEVICES

The tunneling phenomena in PN junctions was discovered in 1958
in Japan, 4 and a year later the {irst low-noise amplifier using a tunnel
diode was demonstrated. In a tunnel diode, the doping of the semi-~
conductor materials is so high that when a junction is formed the upper
valence band edge in the P-type material is at a higher energy than the
lower conduction band edge in the N-type region. When a small forward
voltage is applied, electrons from the P-type conduction band are able
to pass through the junction potential barrier by virtue of a quantum-
mechanical tunneling process and occupy available states in the P-type
valence band. As the applied bias is increased, the P-type conduction
electrons find themselves opposite the "forbidden band gap'' and current
decreases. A further increase in applied forward bias again results in
increased current as the ordinary forward conduction mechanism comes
into play. The behavior of diode current with bias voltage just described
together with the resulting '"n'" shaped I-V curve is diagramed in Figure 13.
A point contact junction between a conductor and highly .doped semi-
conductor exhibits a similar behavior. Negative slope in the I-V curve
implies that a tunnel diode biased in the region will exhibit a negative
resistance. By properly coupling to this negative resistance, un-

limited gain can be obtained, even at microwave frequencies.

At frequencies above a few tens of kilocycles, 1/f noise becomes

insignificant 8 and the main sources of noise in the tunnel diode are

shot noise and thermal noise. An expression for the noise figure of a
tunnel diode amplifier is given by:49
1+ K
P o=ee—S : (4)
s {
(L +5—)N1 - 7_::-)

W)
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where, Kd = ZOIOR = shot noise factor

Io = current at bias point

R = magnitude of negative resistance

RS = diode spreading resistance

{ = resistive cutoff frequency

¢

Inspection of Equation (4) indicates that to obtain a low-ncise figure
it is desirable to have a small as possible spreading resistance, a
small f/f ratio, and a small shot noise factor, Kd. Equation (4) is
plotted in Figure 14 together with data on some noise figures obtained
w0 date. Present day noise figures run from about 3 db at UHF fre-
quencies to about 5 db at X-band. The shot noise factor, Kd, is largely
determined by the semiconductor material. Germanium diodes have a
Kd of about .25 and gallium antimonidc diodes have a value of about
0.8. The cutoff frequency is also somewhat determined by semi-
conductor material through the available negative resistance, R, which

occurs in the expression for cutoff frequency:

¢ L (R 1)1/2
cutoff 2wRC R

The cutoff frequency of most present tunnel diodes ranges from 2 to
30 gc. Occasionally a few diodes have exhibited cutoff frequencies as high

as 100 gc.

In contrast to the parametric amplifier the upper frequency limit
on the tunnel diode amplifier is not determined solely by its diode
cutoff frequency. This is so because of stability considerations. While
the parametric amplifier may exhibit a negative resistance at a few
discrete {requencies, the tunnel diode presents a negative resistance
to all frequencies below fcutoff and the possibility of having free or
relaxation oscillations is greatly increased. One condition for avoiding
these oscillations is that the seli-resonant frequency of the diode be
greater than the loaded diode cutoff frequency. This self-resonant

49

frequency is given by:
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1/2
fseli-resonance = .21__“ <.171€ - __21_>
, R C‘-
where, L. = diode lead inductance
C = junction capacitance
R = magnitude of negative resistance
For typi i 3 : :
by yz;cal tunnel diodes 1self-resonance ranges from 1 gc to about
20 gc. By fabricating the tunnel dinde junction right into the wave-

guide structure, an increase in the usable operating frequency can be
obtained. By using this technique, tunnel diode amplification Fas been

observed at 85 gcso and oscillations have been observed at over 100 gc. 51

The instantaneous bandwidth capability of the tunnel diode amplifier
is greater than tanat of parametric amplifiers. For the circulator coupled
amplifiers, 10 to 15 percent bandwidths are common. >2 In the hybrid
coupled device using two tunnel diodes, bandwidths extending over an
octave have been obtained. 52 For many applications a wide tuning range
rather than an instantaneous bandwidth is desired. By employing a YIG
resonator in the tunnel diode circuitry and changing the magnetic biasing
field on this element, electronic tuning over an octave frequency band

has been accomplished. 53

The capability of the tunnel diode amplifier for handling received
signals at moderate power is somewhat limited. A tunnel diode ampli-
fier using one diode usuallybegins to depart from linear gain at a
signal level of about -40 dbm or less, and is completely saturated at

an input of -25 dbm. >4

In regard to phase and gain stability, the tunnel diode amplifier
does not have the problems associated with pump variations as does
the parametric amplifier and the main sources of variations in gain
and phase are caused by changes in bias voitage and tunnel diode temper-
ature. By controlling the bias voltage and employing a temperature
compensating element in the tunnel diode amplifier circuit, adequate
stability for most applications can be obtained. TD amplifiers have
exhibited a differential phase change between two amplifiers in order of

ki £° per day and an absolute gain stability of +{ percent per 8 hours. 2
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Another useful low-noise application for tunnel diodes is as a
mixer or converter element in converting RF signals to IF frequencies.
In contrast to mixers using nonlinear resistance diodes. the tunnel
diode mixer can have conversion gain. The local oscillater signal
can be either from an external generator as usual or the tunnel diode
in the mixer itself can generate its own local oscillator signal. Con-
verters with an output IF of 30 mc have been built with the input {re-

58,56.57 The

double channel noise figures for these tunnel diode converters has
55, 50

quency ranging from about {50 mc to over {300 mc.
been in the 2.5-to 5.0-db range, which indicates thata {-1/2
to 2-db improvement in noise figure over the conventional mixer can

be expected.

Because of simplicity. light weight, and low power cunsumption, it
is anticipated that the tunnel diode amplifier will find widespread ap-
plication as a moderately low noise preamplifier in airborne and space ve-
hicle receivers. A tunnel diode amplifier is planned for the Mariner "C"
and "D" space probe vehicles, 23 and has already undergone and passed
the shock and vibration qualification tests. Temperature variations
in the space environment do not rule out the use of the TD amplifier.

With temperature compensation the tunnel diode amplifier operates with
negligible change in gain and noise figure in an ambient temperature
range of -30° C to +60° C. 23

In projecting the possible future improvement in noise performance
of the TD amplifier it seems that a noise figure of abcut 2 db or a noise
temperature of about 170° K will be attained. Since shot noise rather
than thermal noise is the main source of TD amplifier noise, cooling
the diode to liquid nitrogen temperatures can only gite a modest improve-
ment, say 25 percent, in low-noise performance. Tle shot noise contribu-
tion is mainly a function of the semiconductor material. Work is being
done on developing indium and gallium antimonide mixed crystals. It is
hoped that these crystals will exhibit a shot noise factor of Kd~0. 5. 23

Figure 14 indicates that for a K, of 0.5 and cutoff frequency of 50 gc, one

d
can expect noise figures of 2.0 db for amplifiers through S-band, 2 to 5 db

at C-band, and about 3 db at X-band.

20-47

b RN Lin- e ¢ e e




.TDR-63- APPENDIX XX
\Elgrlzl}h‘:g 663 34 LOW-NOISE RECEIVERS

5. HIGH-FREQUENCY TRIODES

Moderately low-noise performance at frequencies below about t gc
can be obtained from the high-frequency triode. To operate at high
frequencies these tubes are usually of planar construction, with very
close interelement spacings. This is not considered a new low-noise
device, most of the developmenthaving taken place in the early 1950's,
and yet unless one goes to a parametric amplifier 1t is difficult to
obtain better low-noise performance at video or UHF frequencies.

A plot of noise figure vs {requency is shown in Figure 15 for some

of the best low-noise triodes. 58,59

The noise figure is seen to range
from a few tenth's of one db at 10 mc to about 6 db at 1000 mc. Opti-
mum source and load impedences are required to obtain such per-
formance. A cascade or grounded grid circuit configuration is usually
employed with those triodes. The obtainable bandwidth is about 2 to 10

percent of the signal frequency when optimized for lew noise.
6. TRAVELING WAVE TUBES J

The principles and design of traveling wave tubes will not be dis-
cussed as they are well established in electronic engineering. Suffice

it to say that they are inherently broadband and high gain amplifiers.

A former noise theory for traveling wave tubes was based on the
assumption that the electrons were accelerated to a few volts as soon
as they emerged from the cathode of the tube. The electrons would
then be practically uncorrelated, and there would exist a minimum
shot noise setting the lowest noise figure for traveling wave tubes
at 6 db. However, by correcting the theory to account for the cor-
relation introduced by the action of the potential minimum near the
cathode on the beam electrons, there exists no theoretical minimum
noise figure. To achieve low-noise tubes, grids are inserted in the

cathode region to control the potential muinimum of the tube.

The main sources of noise in the traveling wave tube are the shot
noise and thermal noise generated by the lossy helix structure. The
shot noise is reduced by the low potential area near the cathode and

the thermal noise reduced by the use of lower loss traveling wave
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structures and by cooling. Tubes have been cooled to liquid nitrogen

temperatures, and the improvement in noise figure agrees with the theory.

Traveling wave tubes require strong focusing magnetic fields
utilizing either a solenoid, permanent magnet (PM), or periodic per-

manent magnets (PPM). Electrostatic focusing may also be used.

‘I'ube manufacturers are now concentrating their efforts on pack-
aging traveling wave tubes for Mil-Spec and space environments. Also
low-noise high-power tubes are being developed suitable for satellite
low-noise receivers. Some manufacturers are incorporating the power

supplies within the tube package.

Traveling wave tubes are going to be very competitive in the milli-
meter wave region. Table IV gives some typical data on "off-the~shelf"
tubes. 1o Figures 16 and 17 graphically show the state of the art now and

60, 61 In addition to the noise figure, such

projected 1970 performance.
features as simplicity, stability, high-gain, and broadband character-
istics must be considered in evaluating the traveling wave tube as a

low-noise amplifier.

Table IV. Low-Noise Traveling Wave Tubes

Helix
Manufacturer Freq NF  Gain Power Focus Voltage
(gc) (db) (db) Out(mw) (volts)
GE 2 to 4 5 20 1 PM 300
MEC 7 to it 9 30 PPM
WJ 0.2510 0.5 3.5 25 1000 gauss 50
1to2 4 25 1000 140
2 to 4 4.3 25 1000 175
2.3t0 2.7 3.4 25 1000 175
Huggins 3.4t0 3.6 5.5 25 Solenoid
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D. CONCLUSION

The various low-noise devices which have thus far been discussed
separately are compared to each other in the following charts.

Figure 16 is a frequency plot of present-daydevice noise temperatures
and Figure 17 shows the projected low-noise device performance to be
expected by 1970. These noise temperatures refer only to the device
itself and do not include contributions due to input feed lines, circu-

lators, etc.

A comparison of the varicus low-noise devices with regard to capabilities

other than low-noise performance is tabulated in Table V.

In a ground-based receiver, where the design goal is to achieve the
best possible noise performance, and size, weight, complexity, and
cost are secondary factors, the helium cooled maser and parametric
amplifier are the most suitable low-noise devices. At present, the
helium-cooled parametric amplifier has not been incorporated
into an operational system, and it is therefore difficult to predict for
which applications the maser will be preferred over the parametric
amplifier and vice versa. With either device the antenna noise and
transmission line losses become very significant, and careful design

to reduce these contributions is necessary.

In a missile or space vehicle other considerations such as weight and
power consumption become extremely important. From this point of
view the transistor amplifier below about 1 to 2 gc and the tunnel

diode amplifier or converter for the higher frequencies are the most
desirable moderately low-noise devices for space vehicle use. A
desirable feature of the tunnel diode for space vehicle application arising
from the heavy doping concentrations is that it is more resistant to

radiation than are varactor diodes or transistors.

In applications where the space vehicle receiver needs better noise
performance than that obtainable from the tunnel diode amplifier, the
parametric amplifier can be employed. It is anticipated that further
development to reduce the pump power requirements and also to improve
the efficiency of solid-state pump sources will make the parametric
amplifier more attractive for space vehicle applications by reducing its

power consumption.
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It is probable that by 1970 there will be in existence several low-noise
devices which are unknown at the present time. Seven years ago,

the only choices for the microwave receiver tirst stage was the crystal
mixer or, at lower frequencies, the triode; there were no solid-state
masers, ho parametric amplifiers, no tunnel diode amplifiers, and no
low-noise traveling wave tubes. Any projection made at that time as
to the present low-noise capability of microwave receivers could not
help but be somewhat conservative. Unless advances inthe low-noise
field are becoming "saturated, ' it may well be that our projections to

1970 will also prove to be somewhat conservative.
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Appendix XXI. SOLID-STATE TRANSMITTERS

{. INTRODUCTICON

Semiconductor techniques have advanced to the point where it 1s
now practical to use them for UKF and microwave transmitters in
space and airborne telernetry applications. Solid-state transmitters

have many advantages over those using thermionic tubes:
Long operating life
No heating (cathode) power required
Operation at low voltages
Small size and weight
Extreme ruggedness
Higher DC to RF efficiency.

Because semiconductors used in transmitters operate at tempera-
tures close to ambient, the circuits are relatively cool, contributing

greatly to increased circuit-component reliability.

The limitations of semiconductor devices that are presently being

minimized include:

Variations in characteristics among units

of the same type

Temperature sensitivity

Power output limitations at high frequencies
High-frequency-cutoff limitations.

The purpose f this appendix is to discuss semiconductors used in solid-
state " -ansmitters, and solid-stlale lransmitter design. The objectives
are tu explain briefly the characteristics of semiconductors, the current
design approach in transrnitter design using semiconductors exclusively,
the limitations of this approach, and the future trends in hardware
technology and transmitter capabilities. This discussion is based
primarily upon the application of semiconductors to transmitters operat-

ing in the frequency range from approximately 50 mc to X-band.
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2. SEMICONDUCTOR DEVICES
a. General

Semiconductors, from which the active elements used in solid-
state transmitters are made, are materials whose electrical resistivi-
ties fall between those of insulators and of conductors. By way of
comparison, the resistivities of conductors are of the order of 10"b
ohm/cm; of insulators greater than 106 ohm/cm; and of semiconductors
of 10 ohm/cm. Two members of the carbon family, germanium and
silicon, in their crystalline form, are classified as semiconductors and
are used in solid-state devices. More recently, gallium-arsenide has
become popular as a solid-state device. A bimetallic compound, the
gallium-arsenide is used primarily for diode and varactor applications
at present, Research is continuing on the gallium-arsenide, which is

not considered practical for transmitter applications in the present
state of the art,

From the viewpoint of life expectancy and satisfactory operation,
the ambient temperature is probably the most important single factor.
In this respect, silicon devices are preferable over germanium.
Silicon units operate satisfactorily at temperatures of up to about 175°C,
whereas operation with germanium is probibly impossikle above a
junction temperature of about 90 to 100°C. Both types can be operated
at low temperatures, e.g., -55°C. A comparison of operational
parameters of both types shows that silicon devices are the more
suitable for spaceborne operation. This judgement is based primarily
on the temperature and radiation effects on the semiconductor material.

Therefore, this appendix makes reference to silicon devices only.

b. Transistors

The most common transistor is a three-terminal device. Itis
the active element used for solid-state transmitter applications, In
contrast to the vacuum tube, the transistor is a low-voltage device
(typically 10to 70 volts), and can handle less power than vacuum tubes,
The power gains of VHF power transistors are also limited to about

15 db or less, as compared to about 15 to 30 db for thermionic devices.
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The performance of power transistors at high frequencies

is seriously limited by several factors:
Collector-to-base capacitance
Base spreading resistance
Power dissipation

Finite transit time of minority carriers through

the base

Conflicting requirements of small base width
for high frequency operation and large width

requirements for power handling capability.

SR N S

The characteristics of high-frequency transistors can be

summarized by the following parameters: i
o f = maximum frequency of oscillation
i o f = gain-bandwidth precduct
. r = base-spreading resistance
v . C = output collector capacitance }

® P

total device dissipation
® Thermal resistance

The transistor has a power gain of unity at the maximum frequency of

oscillation (frn ). The power gain increases at 6 db/octave as the

ax

frequency is decreased from fmax' The various parameters of the

transistor are related to fmax in the following manner:

b

= [———
max 8w rb Cc

As noted earlier, fmax defines the high-frequency tuned amplifier's upper
performance limit, and may be considered one of the most important
parameters in the design of transistor RF amplifiers., The maximum

available gain at any other frequency can then be determined from
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£
Gain (db) = 20 log |——r—
operating

For the low-level stages, i.e., transistors capable of 500 mw and
below, the present state of the art for silicon transistors is about

fmax = 1,5 gc. As the power handling capability of the transistor is
increased, fmax falls off quite rapidly. At present, transistors capable
of handling more than 10 watts dissipation have an fmax = 300 mec.

For this reason, power transistor amplifiers are presently operated

below 200 mc when power gain, power output, and collector efficiency
are all considered.

A curve representing power output versus frequency for a single
transistor is shown in Figure 1. This represents what may be con-

sidered the present state of the art in transistor technology.
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Figure 1. Single Transistor Performance, State
of the Art 1963
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¢. Varactors

The varactor is basically a p-n junction diode that is back-
biased in its operation. The junction diode, which consists of a single
p-n junction, 1s similar to its vacuum-tube counterpart in that it is
characterized by the property of allowing current to pass eakéily in only
one direction, within a given operating voltage range. 1f a positive
potential is applied to the anode, the diode is said to be forward biased,
and will exhibit a fairly low value of forward resistance. On the other
hand, a voltage of the opposite polarity provides a reverse bias, and
very little current flows. Should this reverse voltage exceed a certain
value, called the breakdown (VB), normal operation ceases, This
breakdown voltage is also referred to as the avalanche or Zener voltage.
When this voltage is exceeded, reverse current increases rapidly.
Avalanche breakdown occurs when the electric field across the junction
produces ionization because resulting high-energy carriers collide with
valence electrons. Zener breakdown appears to be a "field emission"
phenomenon, the strong electric field in the junction region pulling

carriers from their atoms.

When a reverse bias is applied, the majority carriers leave

the vicinity of the junction, thus leaving behind an area that is "depleted."

The thickness of the space-charge region widens with increasing

reverse bias. This is a capacitive effect, because C = dq/dv, and the
phenomenon is referred to as a transition, depletion, or space-charge
capacitance. It is this capacitive effect that is optimized for varactor

diodes.

The varactor can be defined as a semiconductor diode with a
useful, nonlinear, reverse-bias capacitance. Varactors can be used
at frequencies up to and including the microwave region. Their useful
frequency range is limited primarily by a series-equivalent resistance.

The incremental capacitance of the varactor is expressed as

C(v) = __.k_.___
v+ @Y
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